Aims. We aim to estimate the rate of compact binaries and compare these with similar estimates based on either the observation of these binaries or population synthesis models. Since the merger of these compact objects are likely to produce short gamma-ray bursts, conclusions about the opening angle of these bursts can be made. Methods. We use a set of observed redshift measurements of short gamma-ray bursts to model the rate of these merger events in the nearby universe. Various corrections are included in the calculation, such as the field-of-view of the satellite missions, the beaming factors of gamma-ray burst and other parameters. Results. The computed rate estimates are compared to other rate estimates, based on observations of binary neutron stars and population synthesis models. Given the upper limit established by LIGO/Virgo measurements, it is possible to draw conclusions about the beaming angle of gamma-ray bursts.
Introduction
Short gamma-ray bursts (GRB) are powerful explosions in the depth of the universe, probably created by the merger of two compact objects, such as two neutron stars (NS-NS) or a neutron star and a black hole (NS-BH). These events will be sources of strong gravitational waves (GW), which are being searched for with ground-based GW detectors such as LIGO and Virgo. Efforts have been made to estimate the local rates of these events based on the observations of a few known neutron-star binary systems and star population models. If short GRBs are indeed created by a merger of two compact objects, the observation of the redshift distribution can be used to determine the local merger rate in a complementary way, which is the main subject of this work. Furthermore, known limits on the rate of these events from LIGO/Virgo observations can be used to constrain parameters related to GRB physics, such as the opening angle of the outflows in GRB. This paper is organized as follows. After the introduction, the available redshift data for short GRBs is reviewed, before the fit model is explained and the sources of uncertainties are discussed. The results of the calculations are then discussed, and compared with other rate estimates and the implications for GRB parameters.
Gamma-ray bursts
Gamma ray bursts are intensive bursts of high-energy gamma rays, distributed uniformly over the sky, lasting milliseconds to hundreds of seconds. Several thousands bursts have been discovered to date, with the very prominent feature of a bimodal distribution of the burst durations, with a minimum around two seconds (Kouveliotou et al. 1993; Horvath 2002) . Bursts with a duration shorter than two seconds are called short GRB's, and bursts lasting longer than two seconds are labeled long GRBs. Long GRBs have been associated with star-forming galaxies and core-collapse supernovae (Campana et al. 2006; Lee et al. 2004; Hjorth et al. 2003; Fruchter 2006; Woosley & Bloom 2006 ). Short GRBs, on the other hand, had been a mystery for a long time, but early observations with SWIFT (Gehrels et al. 2005; Barthelmy et al. 2005a ) indicated that the progenitor of these events is the merger of two compact objects (Eichler et al. 1989; Narayan et al. 1992) .
Besides the merger scenario, some of the short GRBs are probably caused by soft gamma repeaters (SGR), rapidly rotating magnetically-powered neutron stars, creating sporadic 'star quakes' in the crust that generate bursts of gamma radiation (Mereghetti 2008; Woods & Thompson 2004) . It has been estimated that up to ∼25 % of all SGRBs are caused by SGRs (Tanvir et al. 2005; Levan et al. 2008) .
Throughout this paper, we will use a new GRB classification scheme suggested by Zhang et.al. (Zhang et al. 2009 ), which labels a GRB with a probable merger progenitor as type-I GRB (i.e. the 'short'-GRB class) and GRBs that might have been created by a core collapse supernovae as type-II GRB (i.e. the 'long'-GRB class). Although this classification is not unambiguous (there are unclear cases such as GRB 060614, or a sub-class might exist related to e.g. soft gamma-repeaters (Chapman et al. 2008a; Czerny et al. 2011) ), this notation is based on the probable underlying physics instead of a single observational quantity, the duration of the burst. The duration refers to the earth frame. No cosmological correction was applied because of the a priori unknown redshift.
Associated gravitational wave observations
As mentioned just above, type-I GRBs might be sources of gravitational waves searched for with gravitational wave detectors, such as LIGO and Virgo. The LIGO detectors, described in detail in (Abbott et al. 2004b; Barish & Weiss 1999) , consist of two instruments at two sites in the US, while Virgo consists of one instrument located near Pisa in Italy (Acernese et al. 2006) . Several results of searches for merger signals have been published, with upper limits on the rates of merger events (Abbott et al. 2004a (Abbott et al. , 2005a (Abbott et al. ,b, 2006 (Abbott et al. , 2007 , along with triggered searches for merger signals associated with type-I GRBs (Abbott et al. 2008; Abadie et al. 2010 ), but so far, no GWs have been detected. These detectors are currently undergoing significant enhancements, before a new data-taking campaign commences in ∼2015 with a 10-fold increase in sensitivity with respect to the initial configuration, probing a 1000-fold volume in space.
Used data and redshifts
Because the redshifts are a very crucial piece of information in this work, we re-examine the list of type-I GRBs associated with a redshift measurement in detail, to determine whether the association is justified. Table 1 lists all 28 type-I GRBs with a possible associated redshift over the five year period that we consider; the values are taken from (O'Shaughnessy et al. 2008b; Sakamoto et al. 2007 ) and diverse GCN circulars 1 . Each redshift association is classified into three groups:
1 http://gcn.gsfc.nasa.gov/gcn3 archive.html -Reliable redshifts: GRBs with a very high probability that the associated redshift is correct, which is the case when an optical counterpart has been identified, or when only one galaxy is located in the error-circle of the observation. These GRBs are used in datasets labeled 'A' and 'B'. -Probable redshifts: GRBs with a good chance that the redshift association is valid, in the case of e.g. two galaxies remaining in the error-circle, or when the observations lead to controversial results. These GRBs are used in the dataset labeled 'B'. -Implausible redshifts: GRBs with a very low probability that the assigned redshift is correct, as in the cases without identification of an optical counterpart or when many galaxies reside in the error circle. These GRBs are not used in this analysis.
The full discussion of the classification is given in Appendix A, and summarized in Table 1 . In total, 15 GRBs have been classified with a reliable redshift association (dataset 'A') and 7 additional GRBs with a probable redshift association (dataset 'B' with 22 data-points in total). The 6 GRBs with an implausible association are not considered in this analysis. A bias might exist whereby we tend to favor redshift estimates from nearby GRBs, since these are in general brighter and the underlying galaxy can be identified more easily, but this uncertainty is not taken into account.
Description of the fit model
We describe the model used to fit the observed redshift values, and the parameters needed to convert the fit results into an astrophysical rate.
The fit model
We now describe the model used for the fit, which is a general one of the rate of astronomical objects as a function of their cosmological redshifts. These models are described e.g. by Chapman et al. (2008b,a) and Guetta & Piran (2005) and are used to model the distribution of type-I GRBs. This model expresses the number of observable objects with a redshift lower than some redshift z * , and is given by:
In this equation, N (z * ) is the number of type-I GRB above some minimum luminosity with a redshift lower than z * , R(z) is the rate-function (in units per volume) at a redshift z, Φ(L) is the luminosity function, and dV (z)/dz is the volume of a comoving shell at redshift z. The standard cosmology parameters used are Ω M =0.27, Ω λ =0.73, and h=0.71. The rate function R(z) describes the change in the intrinsic rate of objects as a function of redshift z, and all functions used for the fits are described in Appendix B. The luminosity function Φ(L) describes the distribution of sources as a function of their luminosity, which are given in Appendix C. The upper integration limit is set to L max = 10 55 ergs, while the lower limit depends on the threshold of the satellite and the redshift as
The detection threshold P lim is taken for the SWIFT satellite, and is roughly P lim ≈ 10 −8 ergs/cm 2 as can be seen in Figure  12 of Sakamoto et al. (2008) . The fit of the model is performed by a least squares fitting function from the scipy module of python 2 , which uses a modified version of the Levenberg-Marquardt algorithm to minimize a function representing the difference between the observed data and the fitted model. For each dataset, every possible combination of rate function and luminosity function is used in Eq. (1), yielding 16 different fit functions for each dataset. A Kolmogorov-Smirnov (KS) probability is calculated to estimate the goodness-of-fit of each of these fit functions, and only fits with a KS probability of more than 80 % are kept for further analysis. The norm of this equation, N 0 , denotes the number density of GRBs at zero redshift. To obtain the local rate r local , one need to take into account the observing period (T = 5 years) and the fraction of type-I GRBs used for the fit, compared to the total number of type-I GRBs observed during this period. The latter correction factors are f =28/15 for dataset 'A' and f =28/22 for dataset 'B'. The local rate is given as
This yields the local, uncorrected rate, which has to be corrected for several effects, as described in the next subsection.
Model-dependent parameters
Several corrections must be applied to the local rate to obtain the true rate of binary mergers. These corrections include the beaming factor of GRBs f −1 b , the field-of-view of the satellite υ, the fraction of mergers producing a type-I GRB, η, and the fraction of type-I GRBs created by a merger, σ. The general expression to obtain the true, corrected rate from the uncorrected, local rate is
Beaming factor
There is convincing evidence that the outflows of GRBs are strongly beamed (Stanek et al. 1999; Harrison et al. 1999; Grupe et al. 2006b; Burrows et al. 2006b ), which we consider in this work. Since gamma-ray bursts are only visible if the Earth is inside the cone of the outflow, the true rate will be higher than deduced from the redshift fits alone, by a factor f
, the beaming factor. The angle θ is the opening angle of the outflow. In the standard model of GRBs (see e.g. Piran (2005) ; Mészáros (2006) for reviews), the outflowing matter, initially with a Lorentz factor of Γ 0 , is confined to a cone of opening angle θ. This angle changes when the Lorentz factor of the outflow decelerates and becomes comparable to θ −1 ; the jet then starts spreading sideways and an achromatic drop in the light curve (jet-break) is expected. Calculations have been performed that show a dependency of the jet-break t b on the jet opening angle as θ = 0.057 ζ t 3/8 b (Sari et al. 1999; Frail et al. 2001) , with ζ defined as
. (5) Here z is the redshift of the source, η γ the efficiency of converting the energy of the outflow into gamma rays, n is the mean circumburst density, and E γ,iso the isotropic equivalent gammaray energy. It should be noted that the observer is in general not directly located on the jet axis, but at an angle θ off relative to this axis (van Eerten et al. 2010) , so that θ meas = θ true + θ off . A typical observer is more likely to be positioned at a large angle off-axis, with a mean value of
where we have used the normalized probability density function p(θ) = 3θ 2 /θ 3 true . The true average opening angle of a GRB is then given by
which is only about half the angle inferred by measurements of the jet-break times as explained above.
Evidence of jet-breaks in type-I GRBs are very rare, and summarized in Table 2 . The following list gives some more details about these findings: Racusin et al. (2009) -GRB 050709: The afterglow of this GRB has was in Panaitescu (2006) where no jet-break was found within 10 days of the time of the burst. Two different circumburst densities have been used (n = 10 cm −3 and n = 10 −5 cm −3 ), with the latter being more realistic in the case of a type-I GRB, yielding an opening angle of θ > 6
• (Panaitescu 2006 ). -GRB 050724: The afterglow for this GRB was also analyzed by Panaitescu (2006) who claimed to have seen a jet-break one day after the burst time and suggested an opening angle of θ = 10 − 15
• or a somewhat tighter value of θ = 8 − 12
• , assuming energy injected into the afterglow from long-lived X-ray flares (Panaitescu 2006) . The density was assumed to be in the range n = 0.1 − 1000 cm −3 . This result is doubted by Grupe et al. (2006b) who claimed that the opening angle is larger than 25
• for n = 0.1 cm −3 . -GRB 051221A: The analysis of the lightcurve for this GRB identified three breaks, the last one of which was assumed to be the jet break, corresponding to an opening angle of θ = 4
• or θ = 8
• , depending on the ambient density (n = 10 −4 cm −3 and n = 0.1 cm −3 , respectively) (Burrows et al. 2006b ). Again, the low-density value seems more appropriate for type-I GRBs. A value of θ = 3.7
• is given in Racusin et al. (2009) .
-GRB 061021: The jet-break times and the corresponding opening angles for this GRB can be found in Racusin et al. (2009) , with an assumed circumstellar density of n 1 cm −3 . In the case of a type-I GRBs, however, the more probable place is a much less dense region, so a choice of n 10 −4 cm −3 seems more appropriate. Using the mean redshift for type-I GRBs in equation (5) and a mean isotropic equivalent energy of E γ,ISO 10 50 erg, a more realistic value for ζ=1.0573 has been used.
The findings of the opening angles of type-I GRBs are summarized in Table 2 , taking into account the correction factor of 4/7. The beaming factors range between < 30 to up to ∼9000, which represents either the observational spread in the real value or a multimodal distribution from different processes (i.e. SGR, NS-NS merger, NS-BH merger). In the remainder of this paper, a value of f −1 b =500 is used, corresponding to an angle of 6.3
• , which seem to be a reasonable choice and agrees with the range of 13 f Levinson et al. (2002) . We note that these estimates are based on only four reliable jet break measurements. This might imply that the majority of GRBs have jet breaks at a much later time, leading to a much larger beaming factor. However, the four presented cases indicate that at least some GRBs have a beaming factor in the deduced range. 
Fraction of type-I GRB originating from a merger
Not every type-I GRB is caused by a merger event, some possibly being created from a soft-gamma repeater or different process. As up to 25% of all type-I GRBs might be created by a SGR (Tanvir et al. 2005; Levan et al. 2008) , an assumption that 75% have a merger progenitor seems reasonable; therefore a value of σ = 0.75 will be assumed in the remainder of this paper. Since Fig. 2 . Ranges of the computed rates using dataset 'A' with only the reliable redshift values and dataset 'B' with both the reliable and probable redshift values. The red dot indicates the median value, the blue bar the 20% to 80% quantile range, while the yellow bar covers the total rate range.
this is the basic assumption on which this work is based, we consider this value to be fixed.
Fraction of mergers producing a type-I GRB
Not every merger will lead to a type-I GRB, because one material object is needed to create the observed ultra-relativistic outflow. This implies that one of the two objects must be a neutron star, while the other object is either a neutron star or a black hole. Even then, it is hard to estimate the fraction of mergers that might create a type-I GRB; a recent investigation inferred η = 0.01 − 0.4 in the case of NS-BH systems (Belczynski et al. 2007) , with an even larger spread in the case of NS-NS systems (Belczynski et al. 2008) . The recent discovery of a 2 M neutron star (Demorest et al. 2010b,a) makes it far more plausible that two coalescing neutron stars generate type-I GRBs (Ozel et al. 2010) , resulting in a much larger value of η. A value of η = 0.5 is used as a first guess for the latter analysis, but we investigate also the outcome of choosing any possible value between 0 and 1.
Field-of-view
Most of the GRBs considered in this work are detected by SWIFT, which has a field-of-view (FOV) of 1.4 sr half-coded (Barthelmy et al. 2005b ). This corresponds to about 10% visibility of the sky (υ = 0.1) at any time for SWIFT. Although GRB data from other missions have been used 3 and the actual sky coverage is not constant, a value of 10% seems reasonable throughout the period considered in this paper. We also assume a 100% duty cycle of the satellites over the entire period of five years we consider, which is not exactly true, but the error associated with this parameter is much smaller than the other parameters. 
Fit results and discussion
Following the above discussion of the parameters, the true corrected rate r corr can be obtained from the uncorrected local rate r local with the expression r corr = 7500 r local f 
in which the prefactor clearly reflects the default choices (and is equal to 500 · 0.75/(0.50 · 0.10)). Figure 1 , and in Figure 2 as a bar plot, indicating the 20%, 50% and 80% quantiles. For dataset 'B', the rates are between 2.6 and 31.6 Myr −1 Mpc −3 . As dataset 'B' includes redshift values that are more uncertain and on average closer, it is unsurprising that this set yields higher rate values. To be conservative, only results from dataset 'A' are used hereafter.
Constraints on GRB parameters
The effect of the uncertainty in the parameters f and η is shown in Fig. 3 , which shows the minimum rate obtained from a model (i.e. model 'delay power' in for NS-NS mergers (LIGO Scientific Collaboration and Virgo Collaboration 2010b). The excluded areas to the lower left of these lines impose constraints on the opening angle θ of the outflow in GRBs. When assuming that most type-I GRBs are created by NS-BH mergers, an opening angle of smaller than ∼ 1
• is excluded. This plot also indicates that η might not be too small, agreeing with the results obtained in Belczynski et al. (2007) and Ozel et al. (2010) .
Comparison with other rate estimates
We now compare the rates deduced in this paper with other rate estimates. Two cases are considered: The coalescence rate of two neutron stars and the rate of coalescence of a neutron star with a black hole. For a NS-NS merger the rate is deduced from known binary pulsars in our Milky Way, and was estimated to be realistically around 1 Myr −1 Mpc −3 , although they could be as high as 50 Myr −1 Mpc −3 (LIGO Scientific Collaboration and Virgo Collaboration 2010a). The rates predicted for NS-BH are much more uncertain, and have been estimated using population synthesis models. Realistic rates are around 0.03 Myr −1 Mpc −3 , although they could be as high as 1 Myr et al. 2008a) . A recent investigation of star formation found the rate of NS-BH binaries is possibly significantly higher by a factor of ∼20, when a lower metallicity is assumed in the models (Belczynski et al. 2010) . The rates estimated in this work range from 1.1 Myr
to 11.3 Myr −1 Mpc −3 , with a median value at ∼7.8 Myr −1 Mpc −3 for the choice of plausible parameters used at the beginning of this section. When including the uncertainties in the beaming factor f −1 b , ranging from 30 (corresponding to 26
• ) to 9000 (corresponding to 1.5 • ), and for the fraction of mergers producing a type-I GRB η, from 0.01 to 1.0, the minimum rate becomes 0.03 Myr −1 Mpc −3 , while the maximum rate becomes 10200 Myr −1 Mpc −3 . Table 3 compares these rate estimates with the ones given in LIGO Scientific Collaboration and Virgo Collaboration (2010a). The plausible pessimistic rate estimate R low is identified with the minimum rate in the present study, and the realistic rate estimate R re is identified with the median value estimated here using the plausible parameter choices. This value, ∼7.8 Myr −1 Mpc −3 , is very similar to the high rate estimate R high for NS-NS mergers given in (LIGO Scientific Collaboration and Virgo Collaboration 2010a) (see Table 3 ). It should also be noted that the maximum rate estimate of 10200 Myr −1 Mpc −3 is much higher than the excluded values from LIGO/Virgo measurements, which are 43. 
Summary and conclusion
This work has utilized redshift measurements of type-I GRBs (i.e. short GRBs) to obtain the local rate of NS-NS and NS-BH mergers, respectively. The list of available redshifts have been revisited in detail, to assess the reliability of each redshift value. For the 22 type-I GRBs observed between 2004 and 2009, 15 have been found to have reliable redshifts, and 7 to have probable values; the redshifts of the remaining six type-I GRB were found to be too uncertain and were excluded from the analysis. A cumulative distribution was constructed using the two datasets of redshift values, which had been fitted by models using different functions for the rate and luminosity. A KS-test criterion was used to select models with reliable fits. To obtain the true local rate, the fit results were corrected for several factors, including the fraction of mergers producing a type-I GRB, η, the number of type-I GRBs created by a merger, and the beaming factor of the GRBs. The obtained rates are consistent with the high-rate estimates given in LIGO Scientific Collaboration and Virgo Collaboration (2010a), with a median rate of 7.8 Myr −1 Mpc −3 . When including the uncertainties from the beaming factor and parameter η, the rate is found to vary between 0.01 Myr −1 Mpc −3 and 10 5 Myr −1 Mpc −3 . However, results from LIGO/Virgo observations, placing an upper limit on the rates of NS-NS and NS-BH mergers, can be used to constrain the opening angles of GRBs; the investigation indicates that opening angles of 1 • are excluded. Further work is required to improve the accuracy of the results, i.e. by taking into account the fluxes measured for GRBs, or constraining the ranges of some parameters used in this work. Ultimately, only direct detections of gravitational waves from mergers will yield a more precise rate, and if associated with type-I GRBs, the physical properties of gamma-ray bursts will also be able to be constrained. GRB 050724 GRB 050724 has a T 90 duration of strictly 3 ± 1 seconds, but because it could belong to the type-I GRB class [GCN3667] it is considered in the sample. Four objects were found in the XRT error circle [GCN3672], of which two are identified as Galactic stars [GCN3675,GCN3679]. Additional observations hale us improve our confidence, that the object labelled as "D" is the host galaxy with a redshift of 0.258 [GCN3690,GCN3700].
GRB 050813 This SWIFT GRB with a duration of 0.6±0.1 seconds [GCN3793] has been found at a position with several faint extended objects, probably forming a galaxy cluster at high redshift, which makes this cluster the most likely source of that GRB [GCN3798] . Measurements of the redshift of the galaxies suggest a value of z=0.722 [GCN3801], although a redshift of z=0.65 also seems plausible [GCN3808] . The more conservative value of 0.722 will be used in this work as a probable value.
GRB 050906 SWIFT detected this very short GRB (T 90 = 0.128 ± 0.016s [GCN3935]) without finding the source with XRT, leaving only the BAT error circle to search for an afterglow [GCN3927, GCN3935] . Since this circle contains the massive star-forming galaxy IC 328 at z=0.031, a galaxy cluster at z=0.43, and field galaxies of unknown redshift, any value is unlikely. GRB 060502B GRB 060502B was a very short GRB with a duration of 0.09±0.02 seconds [GCN5064], for which two sources were found in the XRT error circle [GCN5066, GCN5071] . One is assumed to be a star, while the other appears to be an extended object, whose reliable redshift is measured to be z=0.287 [GCN5238] .
GRB 051016B
GRB 060505 This GRB has a nominal T 90 duration of 4 ± 1seconds [GCN5142], and therefore not clearly assigned to either type-I or type-II. The position of the optical afterglow was found to be 4".3 from the galaxy 2dFGRS S173Z112, with a redshift of z=0.089 [GCN5123] . The distance in projection of this late-type galaxy was found to be 7 kpc [GCN5123] . No supernova was found to be associated with this GRB [GCN5161], suggesting that this might be either a merger-driven GRB or a GRB at a much larger distance. The redshift value is classified as probable.
GRB 060801 This short GRB (duration of 0.5±0.1 s [GCN5381]) was found in the SWIFT/XRT instrument [GCN5378], which revealed four objects in its field [GCN5384, GCN6386] . In the revised XRT error circle [GCN5389], two objects remained, of which one is extended. The redshift of that extended object is z=1.131 [GCN5470], making it a reliable estimation.
GRB 061006 An optical afterglow was found for this GRB [GCN5718] , revealing the reliable redshift to be z=0.4377±0.0002 (Berger et al. 2007) . The formal duration is 130±10 s [GCN5704], but initial short spikes lasting ∼ 0.5 seconds, on which SWIFT did not trigger [GCN5702, GCN5710] , places this GRB in the type-I category.
GRB 061201 This short GRB (duration of 0.8 ± 0.1 seconds [GCN5882]) had an optical afterglow [GCN5896], but no galaxy was found at its position. Close-by objects include a galaxy at redshift 0.111 [GCN5952], as well as the galaxy cluster Abell 995, for which a mean redshift of z∼0.0835 was determined [GCN5995] . The offset of the GRB from the galaxy would be 34 kpc in the first case, and 800 kpc in the second case (from the center of the cluster). The value of z=0.111 is used in the further analysis.
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GRB 061210 This GRB has a nominal duration of T 90 = 85 ± 5 s [GCN5905], but an initial short spike of duration ∼ 60 ms places it into the type-I regime. This GRB has been located in the XRT error circle containing three galaxies [GCN5922]. Since no 2. A broken power-law distribution, describing e.g. two underlying populations in the luminosity (Guetta & Piran 2005) (with four parameters: Φ 0 , L 0 , α and β) 4. The log-normal distribution, describing a standard candle, e.g. a population with about the same luminosity (following (Chapman et al. 2008a) , with three parameters: Φ 0 , L 0 , and σ)
Appendix D: Fit results 
